The wall shear stress from cavitation bubbles collapsing close to a rigid boundary is measured with a constant temperature anemometer. The bubble is created with focused laser light and its dynamics is observed with high-speed photography. By correlating the frames, a hydrophone signal, and the wall shear stress we find that the highest stresses are created after the impact of the jet, thus during its radial spreading on the surface. The maximum of the wall shear stress varies with the power of -2.75 as a function of the distance from the jet impact and in accordance with the prediction for a steady wall impinging jet. The highest amplitude of the signal of the wall shear stresses is found for bubbles oscillating close to the boundary and reaches more than 3 kPa. Additionally, it contains a slowly decaying weaker component which may be generated by an expanding vortex ring.
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Ultrasonic water bathes spotted in many labs, at opticians, and jewelers clean surfaces efficiently from attached contaminants. It is generally accepted that not the acoustic sound field directly but the cavitation bubbles driven by the sound field are responsible for surface cleaning [1] [2] [3] . With cleaning we refer to the process by which an attached dirt particle is at first dislocated and then dragged along with the flow. Yet, rigid boundaries on which the particle adhere limit the strength of the dragging flow: the no-slip boundary condition dictates that the lateral velocity has to ultimately drop to zero on the surface. Thus smaller dirt particles are more difficult to remove as they require a larger velocity gradient. Submicrometer sized particles are of major concern in the ultraclean processing of silicon surfaces in the chip industry [4] . Their safe to operate cleaning regime is bounded by the structural stability of nanometer sized up-patterns of modern processor and memory designs. Thus for defect free cleaning it is of utmost importance to understand the acting forces and adjust them within the structural stability limits of the patterns. In an effort to understand more on the flow we report in this letter on the time dependent velocity gradient at the surface for a single but "well controlled" cavitation bubble.
Generally, the flow strength tangent to the wall is expressed by the wall shear stress, τ w .
It is the wall normal gradient of the velocity, U , at the wall, y = 0, scaled by the dynamic viscosity of water, µ = 10
Pa s:
To correlate this quantity with the bubble dynamics we make use of high-speed photography. In our previous work [5] we revealed that the particles on the surface are accelerated only during a very brief moment of the bubble oscillation phase; this is after a re-entrant jet has developed [6] , which pierces through the lower bubble interface, and impinges onto the rigid wall [7, 8] .
Ultrasound generated cavitation bubbles appear statistically and are difficult to control.
Therefore, we study the flow from a single bubble generated at the focus of a pulsed laser which allows for high spatial and temporal control. A frequency doubled Nd:YAG laser (Solo PIV, New Wave, λ = 532 nm, pulse duration 6 ns) is focused at a distance h from the boundary, see The sensor is flush mounted in a rigid boundary which is connected to a two-axis translation stage to adjust the vertical, h, and the lateral position, ∆x, with sufficient accuracy, see during the second bubble collapse. Other lower amplitude spikes come from reflections of the pressure waves and are an acoustic signature of the container. As a side note, the acoustic propagation time from the laser focus to the hydrophone has been determined by correlating the acoustic signal with a negative spike recorded by the hot wire sensor; this is presumably caused by mild but rapid heating of the probe through the plasma emission from the focused laser pulse.
During the first bubble oscillation period -from bubble creation up to its first collapsethe recorded wall shear stress remains below 1 Pa and it is not detectable on the scale in Fig. 2 . We find that the wall shear stress increases only after the acoustic emission of the collapse is recorded. A maximum in the wall shear stress of 3.5 kPa is reached 17 µs after the collapse. This amplitude is reached within 3 µs, likely limited by the bandwidth of the CTA. The shear stress signal drops quickly afterwards, reaches a second maximum and then decays exponentially on a slow timescale. Also, a third local maximum is visible right after the second bubble collapse at 246 µs. We explain the strong peak after the bubble collapse with the jet spreading radially on the surface. As the sensor is 0.25 mm away from the impact/stagnation point of the jet the delay between both reflects the travel time of the jet to the sensor. Assuming that the bubble collapse and the jet impact are occurring within a few microseconds we can estimate the velocity of the radial spreading jet to be around 15 m/s which is in the expected range [10] . The slowly decaying component of the later signal is likely caused by the expanding vortex ring [11] . However, we have no simple explanation for the second maximum and probably can only understand this when comparing with a fluid dynamics simulation. Please also note, that the sensor can only measure the absolute value of the wall shear stress, e.g. it can't detect flow reversal.
The results of many of such experiments are summarized in Fig. 3 . For the further analysis the initial distance from the wall and the lateral location of the probe are now non-dimensionalized with the maximum bubble radius R max , leading to the probe distance η = h/R max and stand-off parameter γ = x/R max , respectively.
Outside the impact region of the jet the wall shear stress decreases with distance simply 4 due to mass conservation. The upper group in Fig. 3 quantifies the drop of the wall shear stress by plotting the maximum of the signal as a function of η for one stand-off parameter γ = 1.0 ± 0.1; please see the supplementary material for a discussion of the effect of spatial averaging due to a finite probe size. The wall shear stress drops within two bubble radii to about 10% from its maximum value. This supports our previous finding that bubble induced cleaning is occurring on circular patches with radii comparable to the bubble [5, 12] . Three example signals named a to c are depicted in the lower rows. Close to the impact point (a and b in Fig. 3 ) the amplitude of the signal changes, yet the shape remains similar. Further away (c in Fig. 3 ) the initial peak is strongly reduced, i.e. its magnitude is similar to the expanding vortex ring. By plotting the maximum of the wall shear stress double logarithmically we can test for a power law dependency. Glauerts similarity solution [13] of the Navier Stokes equations of a steady and infinitely thin wall jet predicts a scaling of τ ∝ η the wall shear stress double logarithmically and is compared to the Glauert solution [13] with a similarity exponent of -2.75 (• for γ = 1.0 ± 0.1 and ♦ for γ = 2.5 ± 0.2).
